and "oxidation therapy" may be a new strategy to address the multidrug-resistance issue due to their important roles in the survival and drug resistance of cancer cells. Here, a series of novel curcumin-BTP hybrids were designed and evaluated as STAT3 inhibitors with ROS production activity. Compound 6b exerted the best antitumor activity and selectivity for MCF-7 and MCF-7/DOX cells (IC 50 = 0.52 μM and 0.40 μM, respectively), while its IC 50 value for MCF-10A breast epithelial cells was 7.72 μM. Furthermore, compound 6b suppressed STAT3 phosphorylation, nuclear translocation and DNA-binding activity and the expression of STAT3 specific oncogenes. Increases in the level of IL-6-induced p-STAT3 were also inhibited by 6b without influencing IFN-γ-induced p-STAT1 expression. Additionally, 6b effectively promoted intracellular ROS accumulation, induced cancer cell apoptosis and cell cycle arrest, abolished the colony formation ability of breast cancer cells, and inhibited P-gp expression in MCF-7/DOX cells. Finally, 6b suppressed the growth of implanted human breast cancer in vivo. Our findings highlight that 6b may be a promising therapeutic agent for drug-sensitive and drug-resistant breast cancers.
1
. The rapid emergence of drug resistance also limits the benefits of treatment of this disease 2 . Therefore, it is imperative to develop more effective treatments for breast cancer. Signal transducer and activator of transcription 3 (STAT3) is a type of latent cytosolic transcription factor [3] [4] [5] [6] [7] [8] . Persistent activation of the STAT3 signaling pathway has been documented in a wide range of solid cancers and some drug-resistant cancers in humans and is commonly associated with a worse prognosis 2, 9, 10 . Interference with the STAT3 signaling pathway in cancer cells has been shown to result in growth inhibition and the induction of apoptosis, making it an attractive target for cancer therapies [11] [12] [13] [14] [15] [16] [17] [18] [19] . Moreover, STAT3 inhibition is a viable treatment option for drug-resistant cancers through inhibiting STAT3-mediated MDR1 gene expression 2 . Cancer cells are usually exposed to a moderate level of reactive oxygen species (ROS), primarily due to their active metabolism in response to oncogenic signals 20 . In fact, moderate oxidative stress is conducive to several important processes, such as proliferation, angiogenesis, and metastasis, in cancer cells 21 . Nevertheless, high levels of ROS irreversibly damage DNA and lipids and ultimately cause cancer cell apoptosis 22 . An exogenous ROS insult is tolerable to normal cells, but it may exceed the threshold that cancer cells can tolerate and thus lead to selective cytotoxicity against cancer cells. The pharmacological elevation of intracellular ROS has emerged as an effective strategy for selectively targeting cancer cells 23, 24 , which was considered as "oxidation therapy" [25] [26] [27] . In 2011, Raj, L. et al. reported that piperlongumine selectively kills cancer cells by targeting their stress response to ROS 24 . In 2014, Bharadwaj, U. et al. reported that piperlongumine is a direct STAT3 inhibitor with
In vitro cell growth inhibition activity. Given that compounds 6a-v were designed to target STAT3 in cancer cells, we first examined the levels of p-STAT3 expression in MCF-7, MCF-7/DOX and MCF-10A cells by western blot assays. The levels of p-STAT3 expression in MCF-7 and MCF-7/DOX cells were significantly higher than that in MCF-10A cells (Fig. 2) . To determine the structure-activity relationships of the synthetic compounds, MCF-7 and MCF-7/DOX (doxorubicin) cells were treated with the designed compounds and the positive controls, DOX and curcumin, and then their proliferative activity was determined by the MTT assay. The IC 50 values are summarized in Table 1 . Notably, all the compounds exhibited stronger anti-proliferative activity than their mother compound, curcumin. Compound 6b was the most potent inhibitor of MCF-7 and MCF-7/ DOX cell growth with IC 50 values of 0.52 μ M and 0.40 μ M, respectively, which was a marked improvement the anti-proliferative activity compared to that of curcumin (IC 50 = 37.7 μ M and 32.7 μ M, respectively). In general, the hybrids with a 5-Br substitute on the BTP ring had a slightly stronger activity than the hybrids with a 6-Br substitute. Compounds with electron-withdrawing substitutes such as chlorine (6h and 6s) and fluorine (6v) on the benzene ring of the hybrids usually showed less inhibition activity than those with electron-donating substitutes (6a, 6b, 6c, 6j and 6u) with exception of 6i. Compounds with a methoxy substitute in the para-position of the benzene ring (6a, 6b, 6l, 6j, 6m and 6u) exerted more potent activity, while replacement of the methoxy group with a hydroxyl group (6d, 6o and 6t) led to a marked decrease in activity. Table 1 . Anti-proliferative activity of the designed compounds and the reference compounds, curcumin and DOX. The inhibitory effects of the compounds on the proliferation of MCF-7 and MCF-7/DOX cell lines were determined by the MTT assay. SD: standard deviation, all experiments were independently performed at least three times.
Subsequently, the anti-proliferative efficacy of the most potent compound, 6b, was further investigated using the MTT assay. DOX had similar growth inhibition activity in both tumor and normal cells, while 6b exhibited a 7-to 21-fold increase in anti-proliferative selectivity for cancer cells than for normal MCF-10A and LO2 cells (IC 50 = 7.7 μ M and 8.3 μ M, respectively), suggesting that 6b may have selective anti-proliferative activity against cancer cells (Table 2 ).
Molecular docking.
Given that these compounds were designed as STAT3 inhibitors, compound 6b was used to predict potential binding modes with STAT3 using docking assays. As shown in Fig. 3 , 6b tightly bound to the SH2 domain of STAT3, indicating that 6b may be a STAT3-SH2 domain inhibitor. The docking mode of 6b perfectly overlapped with the binding mode of the native pTyr705-Leu706 peptide by forming three hydrogen bonding interactions with the Arg609, Lys626 and Gln635 residues. The predicted binding energy was − 8.2 kcal/ mol. In addition, the piperazine linker provided a suitable length and angle for the inhibitor to interact with the two binding pockets of STAT3 34 . Together, 6b was inferred to be a direct STAT3 inhibitor.
Compound 6b inhibited STAT3 phosphorylation, nuclear translocation and DNA-binding activity in breast cancer cells. It was reported that targeting the STAT3-SH2 domain can effectively suppress the phosphorylation of STAT3 35 . To determine the role of 6b as a STAT3 inhibitor, we investigated the effects of 6b on p-STAT3 (Tyr705) and p-STAT3 (Ser727) protein expression by western blot assays. Exposure of MCF-7 and MCF-7/DOX cells to 6b led to a dose-dependent inhibition of STAT3 phosphorylation at the pTyr705 residue but had little effect on STAT3 phosphorylation at the Ser727 residue or total STAT3 protein level (Fig. 4A) .
Nuclear translocation of STAT3 plays a critical role in STAT3:STAT3/DNA complex formation and its target gene expression, so we further investigated the inhibitory effect of 6b on preventing STAT3 from translocating to the nucleus. As shown in Fig. 4B , p-STAT3 protein (red) was retained in both the cytoplasm and nucleus in MCF-7 cells not treated with 6b or IL-6. In MCF-7 cells treated with IL-6 at 50 ng/ml, an increased level of p-STAT3 protein (red) was observed in the nucleus. However, treatment with 6b led to a sharp decrease of the p-STAT3 level in the nucleus, suggesting that 6b suppressed STAT3 nuclear translocation.
As a STAT3 inhibitor, 6b is supposed to prevent dimeric STAT3 from binding to certain DNA sequences in the nucleus. Nuclear extracts of human breast MCF-7 cells treated with 6b were prepared and subjected to EMSA analysis using an hSIE probe. Compound 6b strongly inhibited STAT3 DNA-binding activity in a dose-dependent manner (Fig. 4C) . Taken together, these results show that 6b effectively inhibited STAT3 activation.
Compound 6b regulated STAT3 target oncogenes in breast cancer cells. We had elucidated that 6b could effectively inhibit STAT3 phosphorylation, nuclear translocation and DNA-binding activity. To gain more insight into the antitumor activity and mechanistic effects of 6b on the STAT3 pathway, we examined its effect on STAT3 target genes such as Bcl-2 and Bax, which are related to proliferation, and Cyclin D1, which regulates the cell cycle. MCF-7 and MCF-7/DOX cells were treated with compound 6b and processed for western blot assays and qRT-PCR analysis. As shown in Fig. 4D , compound 6b inhibited the expression of Bcl-2 and Cyclin D1 and increased the expression of Bax. Similarly, Bcl-2 and Cyclin D1 gene levels were decreased in a dose-dependent manner and that of Bax was upregulated by 6b, while treatment with curcumin had little effect on these gene expression levels. The decreases in the gene expression level of Bcl-2 and at 1.0, 2.0, and 4.0 μ M concentrations of 6b were 11.7%, 45.8% and 61.2%, respectively, in MCF-7 cells and 27.5%, 43.5% and 71.0%, respectively, in MCF-7/DOX cells. The decreases in the gene expression level of Cyclin D1 at 1.0, 2.0, and 4.0 μ M Compound 6b inhibited the expression of P-gp in MCF-7/DOX breast cancer cells. Previous studies have shown that overexpression of P-glycoprotein (P-gp) in cancer cells can lead to the export of anticancer drugs and cause consequent drug ineffectiveness, which is a leading factor for tumor multidrug-resistance (MDR) and inhibiting STAT3 activation could effectively decrease P-gp expression 2, 36 . Thus, to further investigate the role of 6b in suppressing MCF-7/DOX cell proliferation, we examined the effect of 6b on P-gp in MCF-7/ DOX cells. We determined the levels of P-gp expression in MCF-7 and MCF-7/DOX cells using western blot assays. As shown in Fig. 5B , high levels of P-gp were expressed in MCF-7/DOX cells while low levels of P-gp were Compound 6b induced breast cancer cell apoptosis and inhibited breast cancer cell colony formation. How 6b regulated the apoptosis-related STAT3 target genes, Bcl-2 and Bax, has been elucidated.
Next, we investigated the mechanism of cancer cell apoptosis induced by 6b. Compound 6b induced the cleavage of PARP, Caspase 9 and Caspase 3 in MCF-7 and MCF-7/DOX cells as detected by western blot assays. We further investigated the effects of compound 6b on inducing tumor cell apoptosis by flow cytometry. The results showed that 6b induced the apoptosis of MCF-7 and MCF-7/DOX cells in a dose-dependent manner. The increases in apoptosis rates at 0, 1, 2, and 4 μ M 6b were 8.5%, 15.7%, 37.9% and 67.2%, respectively, in MCF-7 cells, and 9.7%, 18.5%, 50.1% and 66.4%, respectively, in MCF-7/DOX cells ( Fig. 6A and B) compared to the small effect of the mother compound curcumin at 4 μ M on cell apoptosis in MCF-7 and MCF-7/DOX cells (Fig. 6C ). Similar to data from the MTT assay, there was little cleaved PARP and apoptosis induced by treatment with 6b at concentrations up to 4 μ M in MCF-10A cells (Fig. 6D) , suggesting that 6b is a selective antitumor agent.
To further investigate the anti-proliferative activity of 6b on cancer cells, a colony survival assay was performed. As shown in Fig. 7 , there was a significant reduction in clonogenic ability with 0.25 μ M of compound 6b and almost a cessation of colony formation at 0.5 μ M of compound 6b.
Compound 6b induced cell cycle arrest in breast cancer cells. We investigated the effect of 6b on the cell cycle in breast cancer cells by flow cytometry. As shown in Fig. 8A and B, there was a significant increase in cells in the Sub-G1 phase after treatment of MCF-7 and MCF-7/DOX cells with 6b which further suggested that 6b induced cancer cell apoptosis. In MCF-7/DOX cells, 6b also increased the percentage of cells in the G0/G1 phase, which was related to a decrease in Cyclin D1. In MCF-7 cells treated with 6b, the percentage of cells in S phase increased as well. Treatment with the mother compound, curcumin at 4 μ M had little effect on the cycles of MCF-7 and MCF-7/DOX cells (Fig. 8C ). These data suggest that 6b could induce cancer cell apoptosis and cell cycle arrest.
Compound 6b induced the generation of ROS in breast cancer cells. Curcumin and BTP derivatives induce the generation of reactive oxygen species, which would partially contribute to cell apoptosis 20, 37 . We evaluated the effect of 6b on the ROS levels in tumor cells using flow cytometry. As expected, the ROS levels increased 2-8-fold at different concentrations of 6b in MCF-7 and MCF-7/DOX cells ( Fig. 9A and B) while there was little effect of treatment with the mother compound curcumin at 4 μ M on ROS generation in MCF-7 and MCF-7/DOX cells ( Fig. 9C ).
Compound 6b significantly inhibited STAT3 phosphorylation induced by interleukin-6 (IL-6) over IFN-γ induced p-STAT1 without affecting the related kinases. The effect of 6b on IL-6-induced STAT3 phosphorylation and IFN-γ -induced STAT1 phosphorylation was also assessed. As shown in Fig. 10A , IL-6 significantly increased the phosphorylation levels of STAT3, which was decreased by 6b at low concentration. Treatment with 4 μ M 6b almost completely abolished STAT3 phosphorylation induced by IL-6. Treatment with 6b had less of an effect on IFN-γ -induced STAT1 phosphorylation compared with its effect on IL-6-induced STAT3 phosphorylation (Fig. 10B ). These data show that compound 6b is a selective STAT3 inhibitor. The activation of STAT3 phosphorylated at Tyr705 residue may be mediated by upstream kinases (such as Jak2 and Src). To further investigate the selective targeting of STAT3 by 6b, we evaluated the effect of 6b on p-Jak2, p-Src, p-Erk1/2 protein levels by western blot assays. Compound 6b had little effect on p-Src and p-Erk1/2 expression but inhibited the phosphorylation of Jak2 (Fig. 10C ). Further analysis showed that the p-STAT3 level was significantly inhibited by 1.0 μ M 6b in MCF-7 and MCF-7/DOX cells and that the inhibition occurred prior to the decrease of p-Jak2, indicating that inhibition of STAT3 was a Jak2-independent event. The data suggest that 6b mainly, or directly, suppresses p-STAT3 expression, independent of these related kinases.
Compound 6b exhibited anticancer activity in vivo. To evaluate the in vivo anticancer activity of 6b, BALB/c nude mice were inoculated subcutaneously with human MCF-7 breast cancer cells. After the establishment of solid tumors, the mice were randomly treated by intraperitoneal injection with the indicated doses of 6b or the vehicle (Cremophor-EL/DMSO/PBS (1:1:8)) daily for 21 consecutive days. Treatment with 10 mg/kg of 6b significantly reduced the volumes of the implanted human breast tumors ( Fig. 11A and B) . Importantly, the weight of the tumor tissues from mice treated with 6b was significantly reduced by 68.2% compared with the control (Fig. 11C) , and there were no significant changes in the body weights of the mice (Fig. 11D ). Immunoblotting analysis of lysates from the tumor tissues treated with 6b showed suppression of p-STAT3 compared with the control tumors (Fig. 11E) . Immunohistochemical staining analysis for Ki-67 in tumor tissues obtained from the control and 6b-treated mice showed that 6b suppressed tumor cell proliferation (Fig. 11F ). (Fig. 11G ) Apoptosis analysis by the terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay of tumor cells in mice treated with or without 6b showed that 6b induced tumor cell apoptosis. These results show that 6b has potent antitumor activity against the growth of implanted human breast tumors (MCF-7) with little toxicity.
Conclusions
The poor prognosis and the rapid emergence of drug resistance limits the benefits of breast cancer treatment. Over-activated STAT3 has been found in a large number of drug-sensitive and drug-resistant breast cancers, and STAT3 inhibition may be a viable treatment option for both drug-sensitive and drug-resistant breast cancers by regulating STAT3 target genes and inhibiting STAT3-mediated MDR1 gene expression 2 . Cancer cells are usually exposed to a moderate level of reactive oxygen species (ROS), primarily due to their active metabolism in response to oncogenic signals 23 . In fact, cancer cells take advantage of this moderate oxidative stress for several important processes such as proliferation, angiogenesis, and metastasis 24 . However, high levels of ROS irreversibly damage DNA and lipids and ultimately cause cancer cell apoptosis. While an exogenous ROS insult is tolerable to normal cells, it may exceed the threshold cancer cells can endure and lead to selective cytotoxicity against cancer cells 27 . In fact, there have been increasing efforts to increase the levels of ROS for what is termed "oxidation therapy, " specifically in cancer cells. A combination of STAT3 inhibition and a promotion of ROS activity may be a new strategy for the treatment of solid tumors 24, 28 . Therefore, a new series of curcumin-BTP hybrids (6a-v) were designed, synthesized, and biologically evaluated as STAT3 inhibitors. According to our screening results, we found that 6b exerted potent and selective antitumor activity against MCF-7 and MCF-7/DOX cells with a weak effect on MCF-10A breast epithelial cells. This is because the p-STAT3 levels in MCF-7 and MCF-7/DOX cells are significantly higher than that in MCF-10A breast epithelial cells. Docking studies revealed that 6b could tightly bind to the SH2 domain of STAT3 suggesting that 6b may be a STAT3-SH2 domain inhibitor. Further biological evaluation showed that 6b inhibited persistent and IL-6-induced STAT3 phosphorylation, nuclear translocation, and DNA binding activity and regulated the expression of the STAT3 downstream genes, Bcl-2, Bax and Cyclin D1, with little effect on p-Src or p-Erk. Compound 6b also inhibited STAT3-mediated P-gp expression in MCF-7/ DOX cells. Additionally, 6b promoted intracellular ROS production and accumulation, induced cancer cell cycle arrest and apoptosis, and abolished the colony formation activity of cancer cells. Furthermore, 6b significantly inhibited human implanted breast cancer in vivo without obvious toxicity. Together, our findings highlight that hybrid compounds similar to 6b that are novel, direct STAT3 inhibitors with ROS production activity are worth further investigation as potential therapeutics for breast cancer or drug-resistant breast cancer. 
Materials and Methods
Chemistry. All reagent grade chemicals used were purchased from Sinopharm Chemical Reagent Co., Ltd.
(China). Reaction progress was monitored using analytical thin layer chromatography (TLC) on precoated silica gel GF254 plates (Qingdao Haiyang Chemical Plant, Qingdao, China), and the spots were detected under UV light (254 nm). Melting points were measured using an XT-4 micro-melting point instrument and were uncorrected. IR (KBr-disc) spectra were recorded by a Bruker Tensor 27 spectrometer.
1 H NMR and 13 C NMR spectra were measured on a Bruker ACF-500 spectrometer at 25 °C and referenced to TMS. Chemical shifts were reported in ppm (δ) using the residual solvent line as an internal standard. Splitting patterns were designed as s, singlet; d, doublet; t, triplet; m, multiplet. Mass spectra were obtained on an MS Agilent 1100 Series LC/MSD Trap mass spectrometer (ESI-MS) and a Mariner ESI-TOF spectrometer (HRESI-MS). Column chromatography was performed on silica gel (90-150 μ m; Qingdao Marine Chemical Inc). Intermediates 2a and 2b were prepared as previously described 38 . General procedures for the preparation of 3a and 3b. To a solution of 2a (1.0 g, 3.9 mmol) or 2b (1.0 g, 3.9 mmol) and HATU (1.78 g, 4.7 mmol) in the presence of trimethylamine (0.97 ml, 5.8 mmol), tert-butyl -1-piperazinecarbo-xylate (0.8 g, 4.3 mmol) was added and stirred overnight. After completion, dilute hydrochloric acid solution was added and extracted by dichloromethane, washed by saturated sodium carbonate solution three times. The combined organic layers were washed with brine and dried with sodium sulfate, filtered, and concentrated, loaded on silica gel, and purified by silica gel chromatography with petroleum/ethyl acetate as eluent to give pure 3a or 3b.
5-bromobenzo[b]thiophene-2-carboxylic acid (2a
Tert General procedures for the preparation of 4a and 4b. 3-Chloroperbenzoic acid (1.27 g, 5.9 mmol, 80%) was added, in portions, to the stirred solution of compound 3a or 3b (1.0 g, 2.35 mmol) in dichloromethane (50 ml) over a 20-30 minute period. The mixture was heated to reflux for approximately 5 h and monitored by TLC. After completion, the mixture was cooled to room temperature and sodium hydrogen sulfite (20 ml) was added to it. The solution was stirred for 15 minutes and extracted with dichloromethane. The organic phase was washed with aqueous sodium bicarbonate. The organic phase was separated, washed with brine and dried with sodium sulfate, General procedures for the preparation of 5a and 5b. A solution of 4a or 4b in chlorine hydride gas in methanol and dichloromethane (1:1) (10 ml) was stirred for 48 h, after completion determined by TLC, the solvents were removed under reduced pressure to generate compound 5a or 5b.
( 32 (m, 2H), 3.65-3.59 (m, 8H) .
General procedures for the preparation of 6a-v. To a solution of 5a (0.1 g, 0.25 mmol) or 5b (0.1 g, 0.25 mmol) and HATU (0.096 g, 0.27 mmol) in the presence of trimethylamine (0.07 ml, 0.508 mmol), a different cinnamic acid (0.28 mmol) was added and the solution was stirred overnight. After completion, dilute hydrochloric acid solution was added and the resulting product was extracted with dichloromethane and washed with a saturated sodium carbonate solution three times. The combined organic layers were washed with brine and dried sodium sulfate, were filtered and concentrated, loaded onto a silica gel, and purified by silica gel chromatography with dichloromethane/ethyl acetate as an eluent to give the pure compounds 6a-v.
( 1-(4-(5-bromo-1,1-dioxidobenzo[b]thiophene-2-carbonyl)piperazin-1-yl)-3-(4-bromophenyl)prop-2-en-1-one (6g) Yield 97%, white solid; m.p. > 250 °C; 3450, 3079, 2916, 1644, 1601, 1564, 1486, 1429, 1314, 1266 1-(4-(6-bromo-1,1-dioxidobenzo[b]thiophene-2-carbonyl)piperazin-1-yl)-3-(2-hydroxy) ( 67%, white solid; m.p. 97-99 °C; 3422, 2924, 2853, 1641, 1513, 1459, 1314, 1261, 1218, 1153, 1111 ( ( Docking. The computational docking program AutoDock4.2 was used to dock our designed small molecules to predict their binding modes and approximate binding free energies to the STAT3 SH2 dimerization sites. Briefly, compounds were docked using the Lamarckian Genetic Algorithm. The ligand and macromolecule were prepared using Schrödinger software. Gasteiger charges were assigned to the ligands by Auto Dock Tools. Then, AutoGrid maps were precomputed for all atom types in the ligand set. After 10 million energy evaluations were completed, the root-mean-square deviation threshold was set as 1.5 Å and all the resulting conformations of the ligands in the binding pocket of the macromolecule were clustered. Low energy clusters were identified and binding energies were evaluated.
S). (E)-1-(4-(5-bromo-1,1-dioxidobenzo[b]thiophene-2-carbonyl)piperazin-1-yl)-3-(4-methoxyphenyl)prop-2-en-1-one

S). (E)-
S). (E)-1-(4-(
5-bromo-1,1-dioxidobenzo[b]thiophene-2-carbonyl)piperazin-1-yl)-3-(4-fluorophenyl)prop- 2-en-1-one (6k) Yield
S). (E)-1-(4-
(prop-2-en-1-one (6p) Yield 56%, white solid; m.p. > 250 °C; 3444, 2924, 1641, 1433, 1311, 1218, 1153, 991, 841, 758, 550 cm −1 ;E)-1-(4-(6-bromo-1,1-dioxidobenzo[b]thiophene-2-carbonyl)piperazin-1-yl)-3-(pyridin-2-yl)prop-2-en-1-one (6q) YieldS). (E)-1-(4-(6-bromo-1,1-dioxidobenzo[b]thiophene-2-carbonyl)piperazin-1-yl)-3-(4-bromophenyl)prop- 2-en-1-one (6r) YieldE)-1-(4-(6-bromo-1,1-dioxidobenzo[b]thiophene-2-carbonyl)piperazin-1-yl)-3-(4-chlorophenyl)prop- 2-en-1-one (6s) YieldE)-1-(4-(6-bromo-1,1-dioxidobenzo[b]thiophene-2-carbonyl)piperazin-1-yl)-3-(3-hydroxy- 4-methoxyphenyl)prop-2-en-1-one (6t) YieldS). (E)-1-(4-(5-bromo-1,1-dioxidobenzo[b]thiophene-2-carbonyl)piperazin-1-yl)-3-(4-fluorophenyl)prop- 2-en-1-one (6v) Yield
Maintenance of cell line cultures and cell viability assays. All cell lines were purchased from Cell
Bank of Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). Human breast carcinoma cells (MCF-7 and MCF-7/DOX), breast epithelial cells (MCF-10A) and normal human liver cells (LO2) were maintained in RPMI-1640 medium. All cells were supplemented with 12% fetal bovine serum containing 50 μ g/ml penicillin and 50 μ g/ml streptomycin. Cells were grown to 80% confluency in a tissue culture flask at 37 °C in a humidified atmosphere containing 5% CO 2 , and then were trypsinized with 1 × Trypsin-Versene and split. The MCF-7/DOX cell line we used was established from its parental cell line MCF-7 cell by gradually increasing the concentration of DOX to which the cells were exposed in a stepwise manner over a period of 8 months. A 5 nM to 100 nM range of DOX concentrations was added to MCF-7 cells, after which the cells were maintained in culture medium containing 100 nM DOX and displayed a 66.02-fold resistance to DOX compared with the corresponding parental, DOX-sensitive cells. The cells were incubated in drug-free medium for at least 1 week before use.
Cells (MCF-7, MCF-7/DOX, MCF-10A, LO2) were seeded in 96-well plates at a density of 3,000-6,000 cells per well. The cells were incubated overnight (16 h) in a humidified 5% CO 2 incubator at 37 °C. After media removal, different concentrations of test compounds were added in triplicate to the plates in 200 μ L of fresh media and were incubated with the cells at 37 °C for 48 h. The percentage of DMSO in the medium did not exceed 0.1%. Cell viability was evaluated using 3-(4, 5-dimethylthiazolyl)-2,5-diphenyltetrazoliumbromide (MTT). The absorbance was read by an ELISA reader (SpectraMax Plus384, Molecular Devices, Sunnyvale, CA) at a test wavelength of 570 nm and a reference wavelength of 630 nm. Cell viability was calculated using the following formula: = × % Cell viability (At/As) 100
At and As denote the absorbance of the test substance and solvent control, respectively.
Western blot assays. MCF-7 or MCF-7/DOX cells were incubated with various concentrations of 6b for 24 h. After trypsinization, cells were treated with 1× RIPA lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM EDTA and protease inhibitors) (Amresco, Solon, USA) to extract the total proteins. An aliquot of proteins from the total cell lysates (30 to 60 μ g/lane) was separated by sodium dodecyl sulfate (10%) polyacrylamide gel electrophoresis (SDS-PAGE, Bio-Rad Laboratories, Hercules, CA), wet-transferred to NC membrane (Bio-Rad Laboratories, Hercules, CA) and blotted with primary antibodies specific for STAT3, p-STAT3, p-Jak2, Jak2, p-Src, Src, Erk, P-Erk, PARP, cleaved PARP, Bcl-2, Bax, Cyclin D1, P-gp and GAPDH. Bound immuno-complexes were detected using ChemiDOC ™ XRS + system (Bio-Rad Laboratories, Hercules, CA).
Quantitative real-time RT-PCR. Levels of mRNA expression were analyzed with the RT-PCR assay, with total RNA isolated from MCF-7 or MCF-7/DOX cells using an EASYspin Plus tissue/cell RNA extraction kit (Aidlab Biotechnologies Co. Ltd). RNA was quantified by measuring absorption at 260 nm and 1 μ g of RNA was reverse transcribed to cDNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics, Basel, Switzerland). Thermal cycling conditions included 95 °C initial denaturation for 5 min, followed by 40 cycles of denaturation (10 s at 95 °C), annealing (15 s at 60 °C) and extension (15 s at 72 °C with a single fluorescence measurement), a melt curve program (60-95 °C with a 0.11 °C/s heat increase and continuous fluorescence measurement) and a cooling step to 40 °C. The Δ cycle threshold method was used for the calculation of relative differences in mRNA abundance with a LightCycler 480 (Roche Molecular Biochemicals, Mannheim, Germany). The data were normalized to the expression of GAPDH. The results were expressed as fold-changes. The RT-PCR primers that were used in this study are listed in the supporting information.
IL-6 induced STAT3 phosphorylation and IFN-γ induced STAT1 phosphorylation. MCF-7 or
MCF-7/DOX cells were seeded in 6-well plates and allowed to adhere overnight. The following day, the cells were serum-starved. The cells were then left untreated or were treated with 6b (0.5-4 μ M). After 6 h, the untreated and 6b-treated cells were stimulated with IL-6 (50 ng/ml). The cells were harvested after 30 min and analyzed by western blot.
Immunofluorescence staining. The basic protocol for the analysis of p-STAT3 subcellular location has been previously described 39 . Briefly, MCF-7 cells were starved overnight, followed by incubation with 6b for 6 h. Cells were then stimulated with 50 ng/ml IL-6 for 30 min before being harvested in Tris-buffered saline (TBS) containing 1 mM sodium orthovanadate. Cells were transferred to polylysine-coated slides by cytospin and air dried for 20 min at room temperature. After being fixed in 2% of paraformaldehyde for 10 min and permeabilized in 0.1% Triton X-100 for 5 min, cells were blocked in TBS containing 5% bovine serum albumin for 1 h at room temperature before being stained with p-STAT3 (Tyr705) overnight at 4 °C. Then, cells were gently washed and incubated with FITC-conjugated, goat, anti-rabbit IgG (Beyotime Biotechnology Ltd). Finally, slides were incubated with 5 μ g/ml of 4′ ,6-diamidino-2-phenylindole (DAPI, Beyotime) for 5 min. The subcellular location and relative abundance of p-STAT3 were immediately analyzed with an ImageXpress Micro Confocal analysis.
Electrophoretic mobility shift assay (EMSA) of DNA-binding activity. MCF-7 cells were cultured overnight and then treated with compound 6b in fresh regular growth medium for 24 h. The cells were harvested and nuclear extract preparations and EMSA analysis were carried out as previously described 3 . The 32 P-labeled oligonucleotide, hSIE probe, was used to bind STAT3. Flow cytometry analysis of the cell cycle. MCF-7 or MCF-7/DOX cells were plated in 6-well culture plates (1.5 × 10 5 cells per well). After incubation overnight, various concentrations of 6b or curcumin were added and cells were incubated for 24 h. Cells were harvested, washed with cold PBS, and incubated with pre-cooled 70% ethanol for a minimum of 4 h at 4 °C to fix them. The cells were then centrifuged, carefully aspirated from the supernatant, and re-suspended in a propidium iodide (final concentration, 40 μ g/ml) and RNase A (final concentration, 100 μ g/ml) solution at a final cell density of 0.5 × 10 6 cells/ml. The suspension was incubated at 37 °C for 30 min prior to analysis by flow cytometry.
Detection of ROS using flow cytometry. MCF-7 or MCF-7/DOX cells were seeded at a density of 3 × 10 5 cells per well of a 6-well plate and treated with various concentrations of 6b (0, 1, 2, 4 μ M) or 4 μ M curcumin for 24 h. DCFH-DA was dissolved in serum-free medium and diluted to a final concentration of 10 μ M. After treatment with 6b, the growth media was replaced with serum-free medium containing the probe. After incubation for 20 min at 37 °C, cells were washed with serum-free medium twice, digested by trypsin and resuspended in pre-warmed PBS buffer. The samples were then subjected to a flow cytometry assay using a BD FACSCalibur flow cytometer (Becton & Dickinson Company, Franklin Lakes, NJ).
Colony survival assay. MCF-7 or MCF-7/DOX cells were cultured a 6-well plate at a density of 800-1,000 cells/well with regular growth medium. Cells were treated for 24 h with the vehicle and 6b at 0.15-1 μ M on the following day. Cells were allowed to grow for 10-14 d until colonies were visible. Crystal violet solution (Sigma, St. Louis, MO, USA) was used to stain the colonies for 4 hours and colonies were imaged.
In vivo studies. The working solution was prepared in a Cremophor and DMSO mixture (10% Cremophor, 10% DMSO and 80% 1 × PBS) to give a 1 mg/ml solution. Athymic BALB/c nude mice (15-18 g) were injected with human breast tumor MCF-7 cells (3 × 10 6 cells in a volume of 0.2 ml) into the subcutaneous tissue of the right auxiliary region of the mice. Three days after the tumor cell inoculation, the mice were randomly sorted into three groups with six mice per group. The tumor-bearing mice were either given a daily 10 mg/kg ip injection of compound 6b or the vehicle. The treatment was initiated when the tumor burden of the mice reached approximately 50 mm 3 . The tumor size was measured by caliper three times a week to document tumor growth and calculated by the formula: length × width × width/2, and the body weight was measured and recorded. Therapeutic efficacy was evaluated based on body weight loss, tumor growth inhibition [determined by using calipers and calculated by the formula: tumor inhibit rate (%) = (tumor vol Con − tumor vol Tre )/tumor vol Con ] × 100. The body weight inhibitory ratio, BI (%) was calculated as BI (%) = (1 − M T /M C ) × 100, where M T and M C were the average body weights of the treated and control groups, respectively. On the 22 nd day, all mice were killed, and the tumors were segregated, weighed, and stored in − 80 °C for later use. The levels of p-STAT3 in tumor tissues prepared from control or mice treated with 6b were analyzed by western blot assay. Apoptosis was evaluated via the TUNEL assay, and the Ki-67 assay was used to assess cancer cell proliferation.
The experimental mice were cared for and handled strictly according to the requirements of the Animal Ethics Committee of China Pharmaceutical University and the National Institutes of Health (NIH) standard guidelines for the Care and Use of Laboratory Animal. All experimental protocols were approved by the Animal Ethics Committee of China Pharmaceutical University.
Statistical analyses.
All experiments were conducted more than three times. The results were analyzed using GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, USA) to perform one-way ANOVA. The results are given as the mean ± SD. A p value less than 0.05 was considered statistically significant.
